Abstract--We proposed a topology optimization method that incorporates the concept of cluster and cleaning method in Genetic algorithm (GA). This method can design a rotor structure from the empty space, which has high output power and less permanent magnet volume. In this paper, the effect of strength of the cleaning method on the obtained rotor structure is investigated. Using the optimal strength of the cleaning method, a PMSG is designed, which has higher output power characteristic with less permanent magnet volume than a Prius type generator.
I. INTRODUCTION
Many optimization methods have been proposed and used in electrical machine design, but many of them start from an initial structure, which is assumed by a designer. We think that it is important to carry out the topology design from empty state without depending on an existing shape. Several types of topology optimization methods have been proposed, because they have a possibility to obtain an initial conceptual structure that designers could not imagine beforehand. Some of the topology optimization methods were proposed approximately twenty years ago [1, 2] . Since then, several papers have been published in this field, for example, Takahashi et al. proposed a topology optimization using ON/OFF method [3] , Okamoto et al. proposed a GA and design space reduction [4] , and Sato et al. proposed topology optimization using normalized network [5] . The authors proposed a topology optimization method to optimize the material distribution of electrical machines using the GA [6] , [7] . In the method, the concept of cluster of material and cleaning procedure has been proposed, which can remove small pieces of iron scattered in the air, and remove small structural spots in the iron.
This paper investigates the effect of the level of cleaning procedure on the obtained rotor structure and the performance of a permanent magnet synchronous generator (PMSG). Using the optimal strength of the cleaning method, a PMSG is designed, which has higher output power characteristic with less permanent magnet volume. The output power and the magnet volume are compared with those of Toyota Prius.
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II. PROPOSED TOPOLOGY OPTIMIZATION

A. Design region and GA
Design object is the rotor of a generator used in the Prius, where the number of stator teeth is 12, the number of poles is eight, the inner diameter of rotor is 45mm, outer diameter is 75.65mm, and the height is 27mm. The design region is one eighth of the rotor region as shown in Fig1 (a) because we assume that the rotor shape is asymmetric in one pole region. We will design the distribution of material in 90 cells, which is composed of 10 by 9 parts shown in Fig1 (b).
In the rotor topology optimization, several materials such as air, iron and PM are set to each cell and the material distribution is optimized, and a cleaning method using the concept of clusters is used. GA is one of the optimization process, which simulates the biological evolutionary process. It is possible to optimize the design region from a clean state, and to optimize for various demands according to the fitness function. Therefore, we can optimize not depending on an existing rotor structure. Moreover, the GA has the advantage that consists of a simple algorithm for easier programming. The GA process is shown by the flowchart of Fig2, where the portion surrounded by a thick frame is our original optimization process. The information to be optimized is generally encoded in GA. This code is called chromosome that has a number of genes. In this paper, the number of genes is same as the number of cells, whose content represents the materials in the cell. The materials used for the rotor topology design are air, iron, and permanent magnet magnetized in x-direction, 45 deg.-direction, and rdirection, which are represented as 0, 1, 2, 3, and 4. An example of chromosome in this case is represented in Fig3. At first in the optimization process, 40 units as initial population are generated using random numbers. They have a variety of possibilities, and therefore have a low fitness function. Individuals are growing up by "crossover" and "mutation". Two indivisuals are selected as parents, and then "uniform crossover" is performed as shown in Fig4. The ratios of crossover and mutation are set to 20% and 2%, respectively. In addition the elitist selection is adopted so as to inherit an indivisual, which has the maximum fitness function, to the next generation. The number of generations is set to 300 at the first iteration and 600 at the second iteration.
B. Cluster and cleaning method
In this section, we will explain the cluster and cleaning method. Cluster is the mass of cells within the design region, which have the same material and are adjacent to each other. The size of the cluster is the number of cells. If the cluster of cells is in contact to the periodic boundary, a special treatment is necessary. The number of cells in the cluster of iron and air is doubled at both sides of the periodic boundary. Fig6 (a) shows an example to demonstrate three materials of air, iron and PM, which are scattered in the rotor. In this figure, Air1 and Air6 are the cluster that consists alone and the number of their cells are two and one, respectively. Air2 and Air3 are regarded as one cluster because they connect to each other at the corner, and the number of cells is four. Although Air4 and Air5 are not adjacent to each other at first glance, they are treated as the same air cluster of size 3, because they connect to each other across the periodic boundary. The concept of the cluster and its size are utilized in performing the cleaning process.
Next, we will explain the cleaning method we have proposed. The cleaning method changes the material of a small cluster to the surrounding material, when the number of cells is less than a positive number Nmin. Fig6 (b) ~ (f) show the rotor topology after the cleaning process, where Nmin is set to 2-6. In the case of Nmin=2 as shown Fig6 (b), Air6 is removed and changed to iron, which is the material surrounding Air6. The cleaning process is executed in each Nmin as shown in Fig6(c) ~ (f). It is found that the larger Nmin, the larger effect of cleaning process. When Nmin=6 as shown in Fig6 (f), all clusters expect the largest permanent magnet cluster are changed to the iron. The performing this cleaning process is possible to eliminate micro region from design region. In other words, the proposed method is possible to design the topology by removing micro magnet regions and iron regions in the air, and magnet regions in the iron. In this paper, Nmin is set to the same value for all design materials. However, it is possible to set different Nmin to each material. 
C. Fitness function
In this section, the fitness function used for the evaluation in the GA is described. In order to design the rotor with a large electric power while minimizing the volume of permanent magnets, a fitness function below is used.
where, Pave is average electric power, Vrotor is the volume of the rotor except for shaft, Vpm is the volume of permanent magnets in the rotor, and k is a magnet weight coefficient. The fitness function is proportional to Pave and becomes small if Vpm is large. When a constant k is large, Vpm strongly influences the fitness function, and then a small amount of permanent magnet is obtained. We investigated the obtained results for k=1, 2 and 4. The PM volume of rotor obtained for k=2 at the first iteration was similar to that of PMSG used in the Prius. Therefore, this paper designs the rotor topology by setting k=2.
III. DESIGN RESULTS BY TOPOLOGY OPTIMIZATION
A. Design results at the first iteration
The purpose of this paper is to clarify the effect of the level of cleaning procedure on the obtained rotor structure and the performance of PMSG. This paper optimizes the rotor topology by setting Nmin=1~6. Since this method uses random numbers, the obtained results depend on them. We have performed the optimization using four different random numbers, that is, the seed of them was set to Randseed=1~4. This paper shows the results when Randseed=1. In addition, the CPU time for 300 generations is 35 hours on a 2.9GHz Intel Core i5-3470S. . The rotor has a shape of the interior permanent magnet type. By setting appropriate Nmin values in the proposed method, the material distribution is optimized eliminating unnecessary minute regions. Then the fitness function converges to the optimum solution at about 300th generation. In the case that Nmin=5 or 6, the fitness function converges a lower value at a smaller generation than those of Nmin=1~4. The rotor becomes a shape of the surface magnet type. By setting Nmin to a large value, the material distribution is strongly limited, and the fitness function converges quickly to a small value. By setting Nmin to 1, lot of micro regions remain because the cleaning procedure does not perform. As a result, it is shown that small magnet regions are scattering inside the iron core. Note that approximately similar shapes were obtained in the case of the different random number whose Randseed=2~4.
In order to judge if optimization results by GA using the cleaning method are apposite or not, we compare the output power and the magnet volume of obtained PMSG with those of Prius. It is found from Table 1 that the fitness functions are higher than that of Prius model. In the case of Nmin=2 and 3 where they generate the similar amount of electric power with much less permanent magnet volume. Therefore, it is confirmed that proper Nmin in the proposed method gives an excellent design result.
B. Design result at the second iteration
In the previous section, the design region is divided by 10 9=90 ells and the designed results are rough shape. In order to get more detailed design results, the design region is divided by 30 27=810 cells; 30 cells in the radial direction and 27 cells in the circumferential direction. Therefore, the computational cost can be reduced, compared with the method using a large number of design variables at the first iteration. At the second iteration, a set of initial individuals is generated by using the individual that has the best fitness at the first iteration. The initial material in cell is generated by a probability of 1/5 from materials in five cells; an existing cell and four surrounding cells. The number of generations is set to 600 at the second iteration, because the number of design variables is increased by 9 times. The whole flowchart for the proposed method is shown in Fig2. The design results are shown in Fig9. (a)~ (f) . In addition, the CPU time for 600 generations is 76.5 hours on a 2.9GHz Intel Core i5-3470S. Comparison of Table1 and Table2 shows that the fitness is improved. However, the improvement of average output power is very small, that is, less than 3%, and there is sometimes no improvement. From this fact, the average output power is affected by the rough topology shape obtained at the first iteration. The detailed shape design at the second iteration does not affect the output power very much. However, relatively large improvement is seen for permanent magnet volume. In case of Nmin=4, for example, the PM volume is reduced by 18.6% at the second iteration, while the output power is almost similar. We think that the detailed shape design at the second iteration can remove a magnet region that does not contribute to the output power by making a smoother shape.
Next, we compare the generator characteristic of Prius model with that of the design rotor obtained by setting Nmin=18 at the 2nd iteration. Fig11 and Fig12 show the comparison of electromotive force and output power, where Pu is the output electric power of one phase and P is that of three phases. It is found from Fig11 that the electromotive force of the designed generator is higher than that of Prius model. In Fig. 12 , the phase angle of stator current is chosen to 25deg. so as to generate the maximum Pave. In contrast, the phase angle of the designed machine that generates the maximum output power is approximately 0deg., because the rotor topology in one-pole region is designed without considering symmetry. Fig12 confirms that the average output power of the designed machine is higher than that of Prius model. The ripple of output power of the designed machine is 10.8 kW and that of Prius model is 10.4 kW, that is, both are almost similar.
Fig13 shows comparison of the output power characteristics. The designed machine has a larger (output power) / (stator current) than the Prius model, when the stator current is less than about 200A. 
IV. CONCLUSIONS
This paper has clarified the effect of the cleaning procedure level of the proposed topology optimization method on the designed rotor structure and its performance. An interior permanent magnet type generator is obtained for a small cleaning procedure level, and a surface type is obtained for a large level. A new generator has been designed, when is Nmin=2 at the first iteration and is 18 at the second iteration. The output power is improved by 4.0% and PM volume is reduced by 19.1% comparing with those of Prius type generator.
Since the designed rotor has a complicated and weak structure and therefore is difficult to manufacture, the design of a simple shape of PMs considering ease of manufacturing is a future work [8] .
